from sucrose by microorganisms such as Leuconostoc mesenteroides or some Lactobacillus species. In the sugarcane industry dextran is a major byproduct of the deterioration of sugarcane. It is produced by the organisms mentioned above during delays between the harvesting and crushing of the cane. The presence of the highly viscous dextran in the cane juice causes major problems during raw sugar processing, including an increase in viscosity of the process stream, inhibition of the crystallization rate of sugar, and a reduction in the efficiency of clarification (Tilbury and French, 1974) . Several bacteria (Hattori and Ishibashi, 1981) , fungi (Walker, 1978) , and yeast (Webb and SpencerMartins, 1983 ) mediate the breakdown of dextran by producing dextranases (EC 3.2.1.11). These enzymes cleave the a-1,6 linkages of dextran, and smaller isomaltosaccharides are released, commonly 3 to 5 glucose units long. The addition of dextranases to sugar processing reduces the high-molecular-weight dextran to much smaller molecules, which have no deleterious effects on the production procedure (Fulcher and Inkerman, 1976) . The dextranase currently used during sugar manufacturing is from the fungus Chaetomium gracile. However, this enzyme has an optimal activity at 55°C and is neither active nor stable at the normal factory operating temperature of 75°C. This requires a lowering of the temperature of the primary heaters to 60°C before the addition of the dextranase. Thus a dextranase active and stable
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Frank Hoster, Rolf Daniel,* and Gerhard Gottschalk above 60°C would allow a more efficient processing of dextran-containing cane juice. In this report, we describe the isolation of a thermophilic dextran-degrading bacterium (strain FH1) and the characterization of the thermostable dextranase produced by this organism.
Materials and Methods
Strains, media, and growth conditions. Thermoanaerobacterium thermosaccharolyticum DSM571 was obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). For the enrichment of dextranase-producing thermophilic microorganisms, a mineral medium containing dextran as the sole carbon and energy source was used and incubated at 65°C. The medium for enrichment cultures contained the following (in g/L): Dextran T2000, 6.0; K 2 HPO 4 , 0.5; NH 4 Cl, 1.0; MgSO 4 · 7H 2 O, 0.2; CaCl 2 · 2H 2 O, 0.01; a vitamin solution according to Wolin et al. (1964) , 2.0 ml; and a trace element solution SL4 (Pfennig and Lippert, 1966) , 1 ml; pH, 6.8. The use of different growth substrates was tested by replacing Dextran T2000 against other carbon sources (each 5 g/L). The use of chitin was examined on agar plates containing enrichment medium and Remazol Brilliant Violet 5R-chitin (2 g/L) (Wirth and Wolf, 1990) . Enrichments were performed under aerobic or strict anaerobic conditions. Anaerobic incubation was done in Hungate tubes or anaerobic flasks, and media were gassed with N 2 for 30 min before sterilization. The enrichment was initiated by adding 0.5 g (wet weight) of soil to an enrichment medium (25 ml). To obtain pure cultures, samples of dextran-degrading enrichment cultures were streaked on blue dextran agar (BDA). This agar contained enrichment medium supplemented with blue dextran (3 g/L) and agar (25 g/L), and the dextran T2000 content was reduced to 3 g/L. Anaerobic plates were prepared and inoculated in an anaerobic chamber, then transferred to anaerobic jars and incubated under 1 atm of N 2 . The plates were subsequently incubated at 65°C for up to 8 days. Colonies showing zones of clearance against a blue background were regarded as dextranase-producing and restreaked until pure cultures were obtained. Growth experiments with the isolated organism FH1 were done in the medium described by Kell et al. (1981) containing 5 g/L of Dextran T2000 or 5 g/L of glucose under an atmosphere of 80% N 2 -20% CO 2 .
Enzyme concentration. The cells were removed from the culture medium by centrifugation at 16,300ϫg for 15 min, and the enzyme was concentrated by adding 561 g solid ammonium sulfate per 1,000 ml of cell-free supernatant. Precipitated protein was collected by centrifugation at 16,300ϫg for 30 min. The resulting pellet was dissolved in a minimal amount of 0.05 M citrate buffer, pH 5.5, and dialyzed extensively at 4°C against the same buffer. The dialysate was centrifuged at 13,000ϫg for 30 min to remove insoluble material. The clear supernatant was used for the characterization of dextranase activity.
Monitoring of cell growth. Cell growth was followed by measuring the increase in turbidity at 600 nm. Optical density was quantified directly by an insertion of culture tubes into a Spectronic 20 photometer (Bausch and Lomb, Rochester, NY, USA) or by measuring the turbidity of 1 ml of the culture in a Kontron spectrophotometer (Kontron, München, Germany). All growth experiments were done in triplicate, and the results represent mean values.
Enzyme assay. Dextranase activity was measured by the DNSS (3,5-dinitrosalicylic acid) method (Kakac and Vejdelek, 1974) . A reduction of sugar levels was determined relative to glucose standards of 1 to 10 mg. One unit of dextranase activity is defined as the amount of enzyme producing 1 mmol of reducing sugar per minute at 65°C. Substrate and enzyme blanks were also prepared in which enzyme or substrate were replaced with buffer. All measured values of absorbency were corrected for the appropriate blank absorbencies.
Protein assay. Protein concentrations were determined by the method of Bradford (1976) with bovine serum albumin as the standard.
Electrophoresis. Electrophoresis under nondenaturing conditions was performed on polyacrylamide gradient slab gels (4 to 28%) at 4°C in Tris-glycine buffer, pH 8.3 by the method of Andersson et al. (1972) . For a calculation of the native molecular mass, a commercial high-molecular-mass calibration kit of standard proteins was used (Pharmacia LKB GmbH, Freiburg, Germany). Protein bands were visualized in gels by staining with Coomassie brilliant blue. For activity staining of dextranase, the running buffer was removed after electrophoresis by washing the gel for 10 min with 0.05 M citrate buffer, pH 5.5. The gel was then transferred for the detection of dextranase activity to a BDA plate and incubated at 65°C for 16 h.
Identification of the microorganism. Identification of the isolated organism and 16S rRNA gene sequencing was performed by Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH.
Results and Discussion

Enrichment and isolation
Enrichments were set up with soil samples from various regions. The primary enrichment was performed in an enrichment medium containing dextran as the sole carbon and energy source. The cultures were incubated under aerobic or anaerobic conditions at 65°C. After eight transfers of 10 independent enrichments, further studies concentrated on the culture, which exhibited the highest increase in optical density. This anaerobic culture was designated WG and had been obtained from enrichments with the soil sample of a meadow near Göttingen (Germany).
The WG culture was purified by plating on BDA medium. Within 5 days of anaerobic incubation at 65°C, the dextran-degrading organism formed creamy white colonies 1 to 2 mm in diameter, surrounded by clear zones indicating dextranase activity. The colonies served as inoculum for liquid cultures. The procedure of growing the organisms on BDA plates and subsequently in a liquid culture was repeated four times, and this led to the isolation of a strain designated FH1.
Identification and characterization of the isolated strain FH1
Strain FH1 is rod-shaped, Gram-positive, strictly anaerobic, and spore-forming. A 16S rRNA gene analysis revealed that FH1 is a member of the genus Thermoanaerobacterium. The closest phylogenetic relative is Thermoanaerobacterium thermosaccharolyticum (formerly Clostridium thermosaccharolyticum). The recorded similarity of the 16S rRNA genes was 99.2%. The phenotypic characteristics of isolate FH1 were also consistent with those of the Thermoanaerobacterium species, though none of the latter has been reported to produce dextranase. Members of this genus, however, are known for their ability to produce exoenzymes such as amylases, xylanases, and cellulases, which are active at temperatures above 65°C (Ganghofer et al., 1998; Lee et al., 1993; Liu et al., 1996; Shao and Wiegel, 1995; Spreinat and Antranikian, 1992) . The T. thermosaccharolyticum type strain DSM571 showed no growth with dextran as the sole carbon and energy source under the employed conditions (Table 1) . Thus the closest phylogenetic relative of strain FH1 was not able to produce dextranase.
The growth of strain FH1 was observed at temperatures from 45 to 75°C. This is in a range similar to the one reported for T. thermosaccharolyticum (Sneath, 1986) . At the optimal growth temperature of FH1 (68°C), the doubling times with glucose and dextran as substrates were 7.8 and 27.7 h, respectively (Fig. 1) . As shown in Table 1 , the substrate spectrum of strain FH1 comprises a variety of macromolecules besides dextran, i.e., starch and xylan. No growth was observed on pectin, peptone, mannitol, and glycerol. The substrate spectrum of FH1, except for dextran, is identical to the one of the T. thermosaccharolyticum type strain, DSM571. Thus we concluded on the basis of the 16S rRNA gene analysis and the substrate spectrum that FH1 represents a new strain within the species T. thermosaccharolyticum. Dextranase of T. thermosaccharolyticum 189 Table 1 . Substrate spectra of strain FH1 and the T. thermosaccharolyticum type strain DSM571.
ϩ, growth; Ϫ, no growth. Media and growth conditions are given in MATERIALS AND METHODS.
Properties of the dextranase produced by FH1
The dextranase activity in the unconcentrated culture supernatant of dextran-grown FH1 was detectable but difficult to quantify because of the low levels of enzyme produced. The same problems were observed by measuring dextranase activities in culture supernatants of other bacteria (Wynter et al., 1995 (Wynter et al., , 1996 . The protein of cell-free culture supernatant (1 L) was therefore concentrated by ammonium sulfate precipitation. The amount of activity in the concentrated culture supernatant fluid was approximately 75% of the total activity measured after the cells were lysed by sonication. This result is consistent with an extracellular location of the dextranase in strain FH1. The separation of the concentrated supernatant fluid by gradient gel polyacrylamide electrophoresis under nondenaturing conditions and activity staining of dextranase gave a single band, corresponding to a native molecular mass of approximately 200,000 Da (Fig. 2) . A molecular mass in the same range was reported for the dextranase of Streptococcus sobrinus (Young and Curtiss III, 1994) .
The temperature profile of the crude concentrated dextranase of FH1 is given in Fig. 3A . The enzyme was active at temperatures from 40 to 90°C. The highest activity was recorded from 65 to 70°C, which is about 15°C higher than the temperature optimum for the fungal dextranase of C. gracile (Wynter et al., 1995) . The data on the thermostability of the dex- A, The temperature profile of dextranase activity was recorded by using the DNSS method (Kakac and Vejdelek, 1974) with dextran T2000 as a substrate. The activities are expressed relative to those obtained at 70°C (0.20 U/mg). B, The thermal stability of the crude and concentrated dextranase of FH1 (20 mg) was tested by preincubating the enzyme at 65 (᭺), 70 (᭡), 75 (ᮀ), 80 (᭝), 85 (᭹), and 90°C (), then measuring the residual dextran hydrolyzing activity using the standard assay conditions. The growth experiments were carried out at 68°C, as described in MATERIALS AND METHODS. The concentrated culture supernatant of dextran-grown strain FH1 was subjected to electrophoresis under nondenaturing conditions on polyacrylamide gradient slab gels (4 to 28%). Activity staining was performed as described in MATERIALS AND METHODS. Lanes: 1, molecular mass markers; 2, concentrated culture supernatant stained with Coomassie blue; 3, concentrated culture supernatant subjected to activity staining.
tranase from FH1 were obtained by preincubating the concentrated enzyme (20 mg) in 0.05 M citrate buffer (pH 5.5) at various temperatures, then determining of the remaining dextran hydrolyzing activity under standard assay conditions. The enzyme of FH1 was very stable at 65 and 70°C. During the first 2 h of incubation at both temperatures, the activity dropped by about 5 and 15%, respectively (Fig. 3B) . The enzyme revealed significantly enhanced thermal inactivation at 85 and 90°C. The half-lives of the dextranase activity were approximately 25 and 3 min, respectively (Fig. 3B) . At the normal operating temperature of 75°C during sugar manufacturing, the half-life was approximately 6 h.
The specific activity of the concentrated dextranase of FH1 was 0.2 U/mg at 70°C. This is in the same range that was described for other crude thermostable bacterial dextranases, but low in comparison to the crude commercial enzyme of C. gracile (2,750 U/mg at 55°C) (Wynter et al., 1995 (Wynter et al., , 1996 . The pH optimum of the dextranase of FH1 was determined at 65°C. The enzyme was active over a broad range of pH values, with a maximum at pH 5.5 (Fig. 4) .
In summary, a new thermophilic dextranase-producing microorganism belonging to the genus Thermoanaerobacterium was isolated. The dextranase produced by this organism revealed excellent stability at the normal operating temperature and pH during sugar production. Further studies must now be undertaken to test the suitability of the enzyme for the removal of dextran during sugar processing. Fig. 4 . Effect of pH on dextranase activity. Activities were assayed by using the DNSS method (Kakac and Vejdelek, 1974) with dextran T2000 as a substrate. The crude dextranase was preincubated for 30 min at the tested pH. Activities are expressed relative to those obtained at pH 5.5 (0.21 U/mg).
